Background. Urban agriculture is an important livelihood strategy to increase access to and availability of food in urban settings.
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Although urban agriculture may pose a complex set of health risks that are associated with agriculture in general [2] , as well as risks specific to urban agriculture [3] , urban agriculture remains an important livelihood strategy contributing to household food security by increasing access to and availability of food in urban settings [4] . Maxwell and colleagues [5] previously demonstrated improved nutritional status in children of urban farmers in Kampala, Uganda, as measured by height-for-age z-score (HAZ). More recently, weightfor-age z-score (WAZ) has been of interest as an indicator of child nutritional status and has been selected as a Millennium Development Goal indicator, as it reflects both chronic and acute undernutrition [6] . The relationship between food and nutrition security outcomes is complicated, however, not least because it is widely agreed that there is no single measure that accurately captures all aspects of food security [7] . Three major determinants of food security, namely, availability, access, and utilization, are recognized as having a hierarchical relationship whereby each is a necessary, but not necessarily sufficient, precursor for attaining the next [8] . For example, while food may be available in the marketplace, access can be limited by lack of income, and once food is accessed, its utilization may be limited by disease, inadequate care, insufficient health services, and an unhealthy environment [9] . There is a need for additional empirical data examining food security and for quantitative estimates of dietary quality and upstream relationships with types of urban agricultural activities and downstream relationships with other nutritional security outcomes [10] .
Vitamin A deficiency and iron deficiency are among the most serious health problems currently affecting the Ugandan population, particularly children [11] . It is likely that specific modifications to the current production and distribution strategies developed by urban farmers can contribute to alleviating undernutrition in Uganda. Similar approaches involving food-based interventions in other countries have been shown to decrease vitamin A and iron deficiencies [12] . For example, promotion of increased household production and consumption of orange sweet potatoes led to higher intakes of vitamin A in Kenya [13] . Similarly, in Ethiopia, children living in households that owned at least one cow and consumed milk more than four times a week were less likely to manifest symptoms of vitamin A deficiency [14] . It is estimated that improving vitamin A status would prevent one out of four infant and child deaths and reduce the severity of illnesses [12, 15] . Similarly, improving iron status can prevent neurological damage in children and significantly increase work capacity in adolescence and adulthood [12, 16] .
Objective
The objective of this study was to examine the links among different urban agricultural activities, household food security, dietary intake, and anthropometric and biochemical indicators of nutritional status among preschool children, taking into account relevant sociodemographic cofactors (see fig. 1 for hypothesized linkages). We wanted to explore the role of sociodemographic characteristics (asset score, education) and farming characteristics (land size, percentage of energy from home production) in household food security and the impact of the latter, in turn, on nutrition security of an index child. Our hypothesis was that dietary quality (percentage of energy from animal-source foods [%ASF] and dietary diversity) would have an impact on infection (as measured by C-reactive protein [CRP] ), which in turn would have an impact on biochemical indices (hemoglobin and retinol) and anthropometric indices (weight-for-age z-score [WAZ] and body mass index z-score [ZBMI]). Other direct pathways were also explored, such as those between assets and WAZ. 
Methods

Population
The study utilized a cross-sectional design, and data collection took place near the end of the postharvest season (between August and October 2003) in Kampala, Uganda. Areas selected for inclusion in the study were representative of all areas within the Kampala municipal boundaries. Kampala consists of five major divisions, which are further subdivided into parishes and zones. Parish selection was conducted with the assistance of Kampala City Council officials. To promote response, three parishes where excessive respondent fatigue from earlier research activities was reported were excluded from the selection process. To permit a focus on urban agriculture activities, 10 parishes where little or no urban agriculture was present were also excluded. The remaining parishes were classified as urban proper, periurban, or transition, to reflect geographic characteristics affecting urban agricultural practices. Within each of these strata, parishes were randomly selected, so that the final sample was proportionate to the overall distribution of these geographic strata in Kampala. Figure 2 sets out the 13 parishes selected for the study, representing all 5 divisions of Kampala.
Two zones within each of the selected parishes were randomly selected, and community members from each zone were invited to a recruitment meeting. Most recruitment meetings achieved high coverage of their parishes. Households eligible for the study included those with at least one child aged 2 to 5 years. The mean duration of breastfeeding reported in the 2001 Uganda Demographic and Health Survey (UDHS) was 21.6 months, and therefore children aged 24 to 60 months were selected, since the contribution of breastmilk to their dietary intake was likely to be minimal and their consumption of food items likely to be greater than that of younger children [17] Although both farming and nonfarming households with children were selected within each zone, we oversampled farming households to achieve power in detecting associations between our focal independent factors of interest, urban agriculture activities, and our dependent food and nutritional security indicators. The respondents in participating households were the primary caregivers of the children. Written consent was obtained from all respondents through a signed consent form translated into their language of preference (English or Luganda). For respondents with limited written literacy skills, the content of the consent form was communicated orally in their language of preference. The study was approved by the Uganda National Council of Science and Technology and the University of Toronto Research Ethics Board.
Measures
Data were collected from the primary caregiver of the household on household food security, assets, demographics, and farming practices. An asset-based wealth indicator based on Uganda Demographic and Health Survey questions was created to characterize economic status. The number of crops grown and the primary reasons for growing them (from selling to household consumption) were assessed and combined to create a crop purpose score. Livestock production, classified by tropical livestock units (a standardized method of comparing livestock that corresponds to approximately 250 kg live weight per unit), was combined with the reasons for raising livestock to create a livestock purpose score [18] . Together, these purpose scores are indicators of the extent to which produce was consumed within the household (closer to 1) or sold for cash income (closer to 5). The area of land farmed was dichotomized to ≤ ¼ hectare and > ¼ hectare. Among the different options for nutritional assessment [10] , we selected a parsimonious set of indicators relevant to both the household and the index child. The food-security questionnaire that we developed used questions from previous food-security research conducted in Kampala [19] and from the most recent Uganda Demographic and Health Survey [17] . The questionnaire was pretested by trained interviewers who were fluent in the main local languages and was adapted to ensure that the questions were culturally appropriate and had face validity when translated into Luganda. Each response by the primary caretaker was ranked in order of severity and weighted (applying weights from previous work in Kampala [5] ) to create a household food-security index ranging from 0 for the most food insecure to 19 for the most food secure ( fig. 3) .
One child per household was selected to participate in the study of nutritional status indicators. Dietary intake data were collected by the modified interactive 24-hour recall procedure previously validated in African populations [20] . The source of food consumed (purchased, produced at home, or other, including gifts and food for work) was recorded for each food eaten, and the percentage of total energy from home production was calculated for each index child. The dietary diversity score was calculated by counting the number of unique food items reported for each child in a single 24-hour recall using the method of Hatloy and colleagues [21] . Water and sugar added to other foods or beverages were not included in the dietary diversity score. The percentage contribution of animal-source foods (%ASF) was calculated by dividing energy intake from animal sources by total energy intake, as described by Allen and colleagues [22] . All dietary intake data were entered into the World Food Dietary Assessment System 2.0 for calculation of nutrient totals.
Fingerprick blood samples were collected in the field into cuvettes for determination of hemoglobin by a portable hemoglobinometer (Hemocue AB), and the results were recorded to the nearest 1 g/L. A commercial standard supplied by the manufacturer was read at the beginning of each day's collection for quality control purposes. Dried fingerprick blood spot samples were collected on a filter paper card and sent to Craft Technologies (Wilson, NC, USA) for analysis of serum retinol and C-reactive protein [23] . The methods used in these tests followed the manufacturers' directions and included quality control measures.
Standing height, weight, and mid-upper-arm circumference (MUAC) were measured in triplicate by trained research assistants using calibrated equipment and standardized techniques: [24] . The children were measured wearing light clothing without shoes. Each research assistant performed only one measurement to eliminate interexaminer error. Height was measured to the nearest millimeter with a portable stadiometer. Weight was measured to the nearest 0.1 kg with a portable battery-operated scale. MUAC was measured on the right side with a fiberglass insertion tape (Ross Laboratory).
Z-scores for height-for-age (HAZ), weight-for-age [25] . Z-scores for MUAC were calculated using the US reference data based on the National Health and Nutrition Examination Survey (NHANES) I and II data for African-Americans and compiled by Frisancho [26] . The least mean squares (LMS) method was used to correct for skewed body composition indices expressed as z-scores where appropriate [27] .
Statistical analysis
Data analyses were conducted with SAS version 9.1 and Mplus version 4.1. All continuous variables were examined for normality. The statistical significance of correlations was assessed by Pearson's correlation coefficient for continuous variables, and differences in proportions between groups were assessed by Pearson's chi-square test for categorical data. Differences between groups in normally distributed variables with homogeneity of variance were assessed by general linear models controlled for age and sex. Statistical significance was set as a p value of < .05. This step both aided understanding of the key contrasts and assisted with variable reduction. We reduced the results to two different indicators of dietary intake (dietary diversity and %ASF), representing different aspects of dietary quality, and two anthropometric indicators, one for growth (WAZ) and one for body composition (ZBMI). Path models have been used in nutrition research to understand complex sets of relationships [28] . Exploratory path analysis was used to examine the relationships between variables according to the hypothesized model ( fig. 1) , with modifications according to the populations for analysis: the entire sample (including nonfarming households), those growing crops, and those raising animals. The models were run with Mplus version 4.1, and markedly nonsignificant paths were dropped (p > .2). Listwise deletion was applied. Then the models were rerun with the remaining variables, and modification indices provided by Mplus were used to add paths and correlated errors. The modification indices provided by Mplus show the improvement in the chi-square value that could be obtained if that path were added to the model. Effects were added and errors correlated with the model if they statistically contributed to the model and if they also were consistent with our theoretical understanding of relationships.
To account for non-normality of variables and the resulting biases, we used robust estimates of standard errors with estimation methods implemented in Mplus. For the final models, several goodness-of-fit indices were used. Because the chi-square test is sensitive to sample size, we used four other measures of fit-the comparative fit index (CFI), the Tucker Lewis index (TLI), the root mean square error of approximation (RMSEA), and the standardized root mean square residual (SRMR)-to evaluate the final models. TLI and CFI range from 0 to 1, a value > 0.9 indicating a good fit. A RMSEA < 0.05 indicates a good fit, and a value of SRMR ≤ 0.08 or less indicates a good fit.
Results
Descriptive data Household characteristics
A total of 296 households (235 farming and 61 nonfarming households) participated in data collection activities. Sufficient complete data existed for 215 households that were included in the exploratory path analysis. The average household had 6.9 ± 3.2 (SD) members and a dependency ratio of 5.1 ± 2.7). The percentage of female-headed households in our sample was comparable to that for urban households in the most recent Uganda Demographic and Health Survey (23% and 28%, respectively). The educational attainment of the primary caregivers was slightly higher in the study population than the urban Ugandan average (55% vs. 41% had a primary-level education or less) [17] and is reported in table 1, along with the asset scores. 
Agricultural activity
Crops were grown by 215 households, and 139 raised livestock. Among crop farmers, an average of 6.4 ± 3.1 different crops were grown, with nearly all households (98%) growing some kind of starchy staple, and just over half (54%) growing vegetables. Crops were primarily grown for consumption purposes (mean purpose score, 1.3 ± 0.6), and livestock were more likely to be kept for sale purposes (mean purpose score, 3.3 ± 1.7). The majority (86%) of households that raised livestock also grew crops, and 55% of those that grew crops also raised livestock.
Food source, security, diversity, and quality
The percentage of total energy consumed by the index child from home production is reported in table 1. The mean household food security score was 12.1 ± 4.5 and is reported in table 2, along with dietary diversity and quality variables. The mean dietary diversity score was 11.7 ± 3.8, and the mean %ASF was 11.0% ± 12.1%.
There was a significant effect of sex on dietary diversity score (mean difference = 1, p = .01), with girls consuming on average one more type of food per day than boys, but no such relationship was found with %ASF. Table 2 summarizes additional nutrition security variables. Although all raw anthropometric measures were transformed to z-scores to eliminate the effect of age and sex, there was a residual age effect for ZBMI, and therefore age was retained in subsequent models. There was also a significant correlation between age and hemoglobin level (r = 0.231, p < .001), with older children tending to have higher hemoglobin levels. There was no significant relationship between retinol level and age or sex.
Nutritional security
Bivariate relationships
As expected, children from farming households consumed significantly higher proportions of homeproduced foods than children from nonfarming households (table 1) . Household food security was significantly associated with assets (β = 0.71, p < .001), primary caregiver's education (β = 2.44, p < .001), and area of land farmed (β = 1.44, p < .01). Households farming ¼ hectare or less were dependent on assets for household food security, but those farming more than ¼ hectare were not. Although the sex of the head of the household was not related to household food security, it modified the relationship; among households that farmed ¼ hectare or less, female-headed households had greater food security than male-headed households, and vice versa. %ASF, percentage of kilocalories from animal-source food; HAZ, height-for-age z-score; WAZ, weight-for-age z-score; ZBMI, body mass index z-score; ZMUAC, mid-upper-arm circumference z-score a. Twenty households raised livestock only, 119 raised livestock and grew crops, and 96 grew crops only. Values are given as means (95% CI). b. Difference between livestock-farming households and other households or nonfarming households is significant (p < .05).
The household food security score was significantly positively correlated with tropical livestock units (r = 0.142, p = .017), dietary diversity (r = 0.230, p < .001), %ASF (r = 0.185, p = .002), and WAZ (r = 0.149, p = .017). The correlation with HAZ approached significance (r = 0.109, p = .076). There were no significant relationships between household food security and the age, sex, or biochemical measurements of the index child (data not reported).
After age and sex were controlled for, children from families that did not raise livestock (whether or not they also grew crops) had a significantly lower average dietary diversity score than children from families that raised livestock. There were no significant differences between families that did and did not grow crops in the anthropometric variables of the index children. However, there was a nonsignificant trend toward improved growth and body composition in children from families that raised livestock.
Exploratory path analysis
Covariates such as asset score and age were retained in the model. The relationship between C-reactive protein and retinol was not examined, since the final retinol values were corrected for C-reactive protein prior to inclusion in the analysis. Separate models for crop farmers (n = 161) and livestock farmers (n = 109) were also examined. Each of the three final models demonstrated adequate fit (table 3) .
In the overall model ( fig. 4) , the relationships between asset score, land size, and their interaction, along with education of the primary caregiver, remained significant in relation to household food security, as did the impact of household food security on dietary intake variables. Dietary quality, as measured by %ASF, had a significant negative relationship with infection, as measured by C-reactive protein. Infection had a significant negative relationship with hemoglobin level, which in turn had a significant positive relationship with WAZ and a nonsignificant negative relationship with ZBMI. Finally, %ASF had a significant positive relationship with retinol. Age retained its significant relationship with retinol, hemoglobin, and ZBMI, and asset score retained its significant relationship with WAZ. Substituting ZMUAC for ZBMI as a measure of body composition did not significantly alter the model, and therefore ZBMI was retained as the measure of body composition because it is more commonly used.
The same relationships remained when crop-farming households were examined (n = 161), with the exception of the interaction of land size and asset score with food security, %ASF with infection, and age with retinol. Among livestock-raising households (n = 109), land size, asset score, and age of the index child retained their significant relationship with household food security, %ASF was positively associated with retinol, and age was associated positively with hemoglobin and negatively with ZBMI.
Conclusions
Our primary findings in relation to the hypothesized model of linkages between urban agriculture and food and nutrition security confirm the proposed linkages. Of particular note is the pathway that illustrates the significant positive relationship between household food security and subsequent consumption of animalsource foods, which in turn was positively associated with retinol. Consumption of animal-source foods was significantly negatively associated with C-reactive protein, which in turn was significantly negatively associated with hemoglobin, and hemoglobin was significantly positively associated with WAZ. These findings highlight the importance of efforts to increase the inclusion of animal-source foods in the diets of children to improve nutritional status [29] .
With the exception of area of land and number of tropical livestock units in relation to household food security and dietary quality, there were no significant differences in measures of food or nutrition security in relation to general categories of urban agricultural activities. There were, however, nonsignificant trends toward improved food and nutrition security indicators in children of farming families. One of the advantages of path modeling is that it can disaggregate the distinct associations among multiple variables. In our models, we did not see distinct effects of raising livestock or of wealth. Rather, we observed that assets contributed directly to food security and WAZ, but indirectly to nutritional security indicators such as consumption of animal-source food and dietary diversity. In addition to assets, however, the amount of land available for agriculture and the educational level of the primary caregiver also contributed directly to food security and then indirectly to the other nutrition indicators (see fig. 3 ; nutrition indicators located to the right of food security; i.e., biochemical and anthropometric indicators).
Our results are consistent with the findings of a recent review of the effectiveness of agricultural interventions in relation to nutritional outcomes, which concluded that although most interventions increased food production, they did not necessarily improve the nutrition or health of participating households [30] . Although the review did not focus on urban agriculture, the authors' observation that successful interventions investing more broadly in different types of human capital had a greater likelihood of success (although greater investment was not a guarantee of success) supports our conclusions that more research is required to understand the complex relationships and livelihood trade-offs in urban agriculture. For example, although home-produced foods provided a significantly higher percentage of calories in the diets of children of farming families, this difference was not associated with improved food and nutrition security status. It is possible that income from the sale of food could be used to improve conditions necessary for optimal food and nutrition security. Additional studies utilizing a livelihoods framework, including a more detailed characterization of urban agricultural activities, could strengthen our understanding of the pathways by which urban agriculture influences food and nutrition security. In addition, a study utilizing a longitudinal design would overcome some of the limitations associated with our cross-sectional study, and additional power provided by a larger sample could add further insights.
It is beyond the scope of this paper to address policy concerns in relation to potential health risks and their mitigation and challenges associated with insecurity in general and land tenure in particular in urban agriculture, as identified by Bryld [31] and others [2, 3] . The overall project of which this study was a part did examine policy issues, which led to the production of ordinances in conjunction with the Kampala City Council [32] . It is important to note that any discussion of risks and their mitigation needs to be balanced with a discussion of benefits, and thus further examination of the benefits of urban agriculture is warranted.
In conclusion, our findings are supportive of efforts to enhance access to land for urban farming and engagement in activities aimed at improving the quality of the dietary intake of urban residents, in particular with respect to increasing consumption of animal-source foods. The potential for urban agriculture to contribute to the alleviation of several major health challenges, including vitamin A deficiency and anemia, warrants further investigation to improve our understanding of the pathways in order to contribute to effective policy development and program-planning activities.
